Bioactive glass is an emerging research area for many scientists around the world. A large processing window combined with high bioactivity are anticipated features for such kind of glass. In fact, both features depend upon the glass network connectivity (NC). A good bioactive glass has a network that ensures a balance between the processing properties and the bioactivity. This study aims at developing a new chemical composition based on that of ICIE16 bioactive glass. Therefore, new compositions were investigated by introducing boron oxide and magnesium oxide with different molar ratios ranging from 1 to 3 mol% each to the composition of ICIE16; In addition, Na 2 O was partially replaced by P 2 O 5 . Melt-quenching technique was followed to prepare the bioactive glass. So far, the results have shown that the processing window increases with the proposed modifications. BP3 and BM2 bioactive glasses show the maximum processing window of a round 250 K. The relationship between the chemical composition and the processing window as well as the corresponding bioactivity will be hereafter discussed.
Introduction
Bioactive glass has been intensively studied since L. L. Hench invented the first composition, today known as 45S5, in the late 1960s [1] . This glass contains ions that are already present in the human body. Once bioactive glass is in contact with human body fluids, it releases therapeutic ions that contribute to the recovery of injured and broken bones. Bioactive glass 45S5 has been investigated as bulk implant by Hench and coworkers [2] . But due to lacking mechanical properties of the bulk implants the glass has mostly been applied in particulate form, as filler [1, 3] , or as powder for the production of tissue engineering scaffolds [4, 5] . Hench's glass (45S5) is distinguished with high bioactivity; however, it has a limited processing window as it devitrifies during the forming phase [1] . This is likely caused by it is relatively low silica content around 46.1 mol%. A large processing window will allow controlling the crystallization process during heat treatment [6, 7] . Sintering of glass powders is governed by viscos flow, which is hindered by crystallization [6] . In 45S5 bioglass controlling the crystalline content also allows to tailor the dissolution and bioactivity [8] . However, glasses with a high bioactivity and a large processing window have not yet been successfully developed. The high bioactivity of 45S5 has not yet been matched with other compositions [9] . Therefore, different compositions of bioactive glasses have been studied concerning different aspects: modifying the chemical composition [10, 11] , effects of solution-pH on the chemical durability i.e. ionic exchange [12] [13] [14] , and investigation of the mechanical properties [4] .
The network connectivity (NC) has a big impact on the thermal behavior and the dissolution of bioactive glasses [15] . It is related to the content of the glass networkforming oxides like silica, which in bioactive glasses vary from 42.4 mol% [16] to 56.46 mol% [9] . The NC is the ratio of bridging oxygen number per each glass-forming unit in the glass network. The NC of most studied bioactive glasses ranges between 1.9 and 2.6. Those with NC of 1.9 -2.0 are considered the most reactive bioactive glasses for bone bonding [17, 18] . Controlling the chemical composition can increase the glass network connections while keeping the bioactivity. Andersson et al. reported that the addition of up to 1.5 mol% alumina to 45S5 bioglass maintained the dissolution rate and improved the formability [19, 20] . Heat-assisted processes such as sintering depend on broadness of the processing window, which is de-fined as the interval between the glass transition temperature and that of the crystallization onset. This window varies according to the content of glass-formers, alkali and alkaline elements.
Alkali and alkaline elements represent the second group of glass constituents, called network modifiers. In bioactive glasses calcium and sodium are most commonly used as network modifiers. Calcium can be substituted with zinc, magnesium and strontium. Watts et al. showed that addition of magnesium as substitute for calcium lowers the glass transition temperature, although with higher magnesium content it can partially enter the silica network under specific circumstances and thereby weaken the glass network [17] . This is presumably caused by the weak bonds of Mg-O in comparison to Si-O bonds [21] . Existence of more than one alkali oxide in glass can lead to what is called the mixed alkali effect, which is a nonlinear effect [22] . At a specific ratio of alkalis, it has a positive influence on the processing features of bioactive glasses [14, 15, 23] . It can strengthen the glass network at a specific chemical ratio of alkalis and consequently expand the processing window while keeping the bioactivity. For instance, the following chemical composition (46.1 SiO 2 , 2.6 P 2 O 5 , 37.6 CaO, 6.8 Na 2 O, 6.8 K 2 O (mol%)), denoted as F0, has a processing window of 233 K. It is bigger than those of 45S5 and ICIE16 which are 132 K and 180 K, respectively [24, 25] . Glass with a broader processing window can be employed in heat-assisted drawing processes without the challenge of crystallization [24] .
Glass network homogeneity is affected by the number of glass-forming oxides inside the network. They can consolidate into one network or can lead to immiscibility producing phase separation inside the network, as in borosilicate glasses and bioactive glasses. Phase separation in bioactive glasses is discernible by more than one glass transition temperature and different crystallites after crystallization [14] . According to the literature, boron cations (B 3+ ) can change their coordination from 3 to 4 if sufficient amounts of modifiers exist. This, however, will form tetrahedral glass building units that can be part of the silicate glass network [26] . It is notable that the additive elements do not just effect the processing features of the glass but rather affect their general performance inside the human body. For instance, boron as glass constituent enhances the angiogenic effect for the bioactive glass [9, 27] . This study aims at refining and developing a new glass composition by adding small amounts of boron oxide and magnesium oxide as well as reducing the content of sodium oxide. The oxide contents (in mol%) were calculated based on the composition of ICIE16 [25] . To our knowledge such a systematic study on the ICIE16 glass was not done before. These changes in the chemical composition are anticipated to expand the processing window as well as maintaining the bioactivity of the yield glasses.
Experimental procedure

Glass design
Based on the composition of ICIE16 we designed three different glass groups denoted as B, BP and BM (Table 1) with successive changes. In the first group of glasses denoted as B, we varied the composition of the network former oxides by partially substituting the SiO 2 content with B 2 O 3 , while keeping the P 2 O 5 content constant at 1 mol%. The B 2 O 3 content was changed stepwise from 1 mol% in B1 to 3 mol% in B3.
In the second group of glasses denoted as BP the B 2 O 3 content was changed according to the B group, but with a P 2 O 5 content of 2 mol%. Thereby we increased the total content of network formers by 1 mol%, while decreasing the network modifiers content, specifically the Na 2 O content, from initially 6.6 to 5.6 mol%. In the third group denoted as BM, in addition to the previous changes from groups B and BP small amounts of CaO were exchanged with 1 to 3 mol% MgO. 50 = 365 µm, Merck, Germany). Glass batches of 10 g were prepared by melt-quenching. For that, the starting materials were mixed by planetary ball mill with ethanol as mixing media for 6 h and then dried at 383 K. The mixtures were melted in a platinum crucible in a two-step process. First they were heated up to 1573 K with a heating rate of 10 K /min, with a holding step for 1 h and then heated up to 1673 K with the same heating rate and held there for 20 min. Finally the melted compositions were quenched in cold water (298 K). This procedure was repeated twice to ensure homogeneity of the specimens. Afterwards, the glasses were ground in an agate mortar and pestle and finally sieved with a 160 µm sieve.
Starting materials and glass preparation
Characterization methods
The particle size of the samples was measured using a particle size analyzer (LS I3320, Beckman Coulter, Germany). This device can measure samples in wet and dry condition. In our case the particle size of the glass powders was measured in the wet condition. In dry it can measure from 0.004 nm to 2000 nm, while in wet the measuring range is from 0.017 nm to 2000 nm. Phase composition was investigated using X-ray diffraction in D8 Diffraktometer (Bruker, Germany) with Co-Kα radiation in Bragg-Brentano mode with a scanning rate of 0.02 ∘ /s. A field emission scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX, Zeiss Gemini Leo 1530) was employed with an accelerating voltage of up to 10 kV to measure the composition of the yield glass frits. The samples (as powders) were coated with carbon to increase the electrical conductivity. Simultaneous thermal analysis (STA) (a combination of DSC and TGA measurement) was performed in STA 409 (Netzsch, Germany) with a heating rate of 10 K/min in synthetic air using alumina crucibles. Fourier transform infrared spectroscopy (FTIR) characterization was performed in an EQUINOX 55 (Bruker, Germany) operating in attenuated total reflection (ATR) mode with a resolution of 1 cm −1 .
Bioactivity investigations
The bioactivity of the melted glasses was investigated using a TRIS buffer solution. The buffer solution was prepared by mixing 14.9 g tris-(hydroxymethyl)-aminomethan (Merck, Germany) in 800 ml of distilled water. Then 44.2 ml of 1 M HCl (37% Alfa, Germany) were added. Next, the pH value of the solution was adjusted to pH 7.4 by addition of 1 M HCl. 75 mg of bioactive glass powder (d 50 = 25 µm) were immersed in 50 ml of the TRIS buffer solution. The immersed glass powder was kept at a temperature of 310 K for different time periods of 3, 6, 24, and 168 h. Each experiment was repeated three times and an average was calculated for the dissolubility. Afterwards filter papers were employed to separate the treated glass powders and the TRIS solution. The separated glass powder was rinsed with distilled water to remove any undesired material and then dried in an oven at 383 K for further investigations. Consequently, the immersion solution was analyzed concerning pH changes as well as the concentration of the more interesting ions. The concentration of the released ions was determined by inductively coupled plasma optical emission spectrometry (ICP-OES) in Horiba Ultima 2 (Horiba, Germany).
Results
Phase composition and thermal analysis
For investigations of phase composition and thermal behavior of the melt-quenched glasses powders with a particle size of d 50 = 88 µm were employed. As indicated by the X-ray diffraction patterns ( Figure 1 ) all glass samples produced by melt quenching were amorphous. Table 1 . All the patterns show a broad reflection, which is an indication for the amorphous structure. Table 1 lists the nominal (N) and the calculated (Cal) chemical compositions of the glasses, which were determined by EDX measurement. The oxide contents are given as an average from different EDX measurements with varying excitation voltages from 3 to 10 kV. There are clear deviations between the nominal and calculated compositions, especially concerning the B 2 O 3 , SiO 2 and CaO content. This has various reasons. First of all B is a very light element, lighter than C, and thereby detection by EDX is difficult and not so reliable. In addition, we used very low B 2 O 3 contents of up to 3 mol%. We investigated powder samples, where the sample surfaces were not always perpendicular to the electron beam; therefore, changing the angle of the sample surface to the EDX detector, which will influence the intensity of the detected X-rays and thereby the quality and reliability of the elemental detection. Differential thermal analysis of the quenched glasses shows glass transition regions besides exothermic peaks. A glass transition temperature (Tg) appears as a shift in the baseline of the DTA curve, as seen in Figure 2 . With increasing temperature, exothermic peaks appear implying the formation of new crystallites during heating of the quenched glasses. The glass transition temperature (Tg) and the onset of the crystallization temperature (T x1 ) are marked on Figure 2 . Table 2 summarizes the results of the thermal analysis and shows the glass transition and crystallization onset temperatures (Tg and T x1 ) for all the quenched glasses, as well as the calculated temperature difference ∆T. The difference (∆T = T x1 -Tg) changes with the varying glass compositions, but it does not change linearly with the additives. There are increments and decrements in the ∆T within each group. In the first group (denoted as B), where SiO 2 was partially substituted with B 2 O 3 , the glass transition temperatures of the glasses were in the same range as that of ICIE16 glass. However, they showed a slightly higher crystallization onset. The highest ∆T is found in the B1 glass with 212 K.
Within the second group (denoted as BP), where in addition to the B 2 O 3 content, higher P 2 O 5 content of 2 mol% was introduced, all the glasses showed a slight increase in the glass transition temperature and a notable increase of 70 K in the crystallization onset temperature. The highest ∆T is found in the BP3 glass with around 250 K. The increase is not linearly related to the increase in B 2 O 3 content from BP1 to BP3.
In the third group (denoted as BM), where small amounts of MgO were introduced as a partial substitution for CaO, the glass transition temperature of all glasses is similar to that of the BP glasses, the crystallization onset is also in a similar range. BM2 shows the highest ∆T with around 250 K.
As illustrated in the FTIR spectra (Figure 3 ), the boron in the prepared glasses has been found in different vibrational states. Moreover, there is a significant overlap between SiO 4 and BO 4 units in many areas of the spectrum. The absorption at around 760 cm −1 belongs to (B-O bending) and the bands between 1200 and 1400 cm −1 are related to various (B-O stretching) vibrations. These bands represent the presence of the fourfold and threefold coordination state of boron, respectively [28, 29] . However, shoulders between 850 cm −1 and 1200 cm −1 can indicate the formation of BO 4 units [29] , but cannot be securely attributed to the formation of B-O bonds, since Si-O and P-O bonds are also IR active in this region [29] . The band at 470 cm −1 can be attributed to Si-O-Si bond vibration, which belongs to the (SiO 4 ) units [21] . In addition, the bands in Figure 2 : Thermal analysis curves. Glass transition temperatures (Tg) and the temperature at which nucleation can start (T x1 ). bonds, respectively [21, 29] , while the absorption between 570 cm −1 and 610 cm −1 belongs to the (P-O) bond [30] . 
Glass dissolution and hydroxyapatite precipitation
The bioactivity of the prepared glasses was investigated by measuring the TRIS buffer pH value after different periods of immersion. The starting pH value (7.4) of the buffer solution increased due to ion exchange between the surface of the glass particles and the surrounding media. The ion exchange mechanism has been clearly described elsewhere in Ref. [31] . Figure 4 shows the variation in pH values of the immersion solution over the immersion time (log scale) for the prepared bioactive glasses. It reveals that the pH generally increased with immersion time progress because of formation of sodium and calcium hydroxides in the solution [32] . The highest measured pH value was around 7.9 for B1 and B3 glasses after 168 h of immersion. The other glasses showed a similar trend of increasing pH regardless of the chemical compositions after 168 h of immersion. The first group of boron containing glasses B1 -B3 showed pH values between 7.65 and 7.69 after 3 h of immersion. This result is close to the recorded one for the bioactive glasses 45S5, ICIE16 and F0 which is around 7.7 after 3 h of immersion in TRIS buffer [15] . The second group BP1 -BP3 has pH values ranging around 7.6 for the same immersion period (3 h). The third group containing magnesium (BM1 -BM3) also has pH values about 7.6, similar to those of the BP group. This, however, indicates that increasing the P 2 O 5 content in the second and third glass groups has led to decreased ion release into the immersion media. Moreover, the pH results of the third group show that addition of small amounts of MgO while decreasing the CaO content accordingly has no notable effect on the bioactivity of the tested glasses.
The can be attributed to the composition of these glasses, as glasses in the B group contain the highest amount of Na 2 O of all glasses. This also correlates well with the pH of the TRIS buffer, as high concentrations of Na + ions lead to a stronger increase in pH. The concentration of phosphate increases at the beginning of immersion and then decreases to lower concentration towards longer immersion times. One reason for the decreasing phosphate content in the solution may be ascribed to the deposition of hydroxyapatite (HA) or hydroxycarbonate apatite (HCA) on the glass particle surfaces. The initial release of (PO 4 ) 3− ions in the supernatant of the B group is much lower compared to the other glasses. This is related to the glass composition, as the initial P 2 O 5 concentration in the B group was 1 mol%, for the other glasses it was 2 mol%. The drop in (PO 4 ) 3− concentration in the supernatant towards longer immersion times is much lower for the B glasses than for the other glasses. Figure 6 exhibits the released ions from the glass in relation to their total content in the initial glasses as calculated by EDX. Concerning cation release (Ca 2+ , Na + and The formation of HA / HCA on the glass particle surfaces was investigated by FTIR analysis and XRD method after 168 h of immersion. FTIR absorption spectra (see Figure 7) show the functional group bonds of the calciumphosphate layer formed on the surface of the glass particles after 168 h in TRIS solution. The absorbance bands at 571 and 603 cm −1 that belong to (P-O bend) of the phosphate group (PO 3− 4 ) and the shoulder at 1060 cm −1 , which belongs to (P-O stretch), indicate the precipitation of a phosphate containing HA or HCA layer on the immersed glass particle surfaces [33] . The two bands of (P-O bend) at 571 cm −1 and 603 cm −1 are smaller in the B group than the other groups. This may be due to the difference in the amount of P 2 O 5 among the three glass groups. B glasses contain 1 mol%, BP and BM glasses contain 2 mol% P 2 O 5 . Additionally, the concentration of (PO 3− 4 ) in the supernatant of the B glasses dropped much stronger for glasses BP and BM, than glasses B (see Figure 5b ). This could indicate a stronger HA / HCA formation on the BP and BM glasses, which is supported by the FTIR spectra. As the ATR measuring mode is conducted in air, carbon dioxide is also detectable in the spectra. The band at~667 cm [34] . While the band around 1200 cm −1 can be attributed to Si-O stretching vibration [35] . To ensure that the newly precipitated layer is hydroxyapatite Ca 10 (PO 4 ) 6 (OH) or hydroxycarbonate apatite Ca 10 (PO 4 ,CO 3 OH) 6 (OH) 2 , the phase composition analysis of the immersed glasses was performed. The XRD patterns indicate the formation of new crystalline phases after immersion in TRIS buffer for 168 h (see Figure 8 ). These new crystalline phases were identified as hydroxyapatite corresponding to the ICDD-PDF # 09 -0432 pattern, 1998 and to the pattern of hydroxycarbonate apatite ICDD-PDF #19 -0272, 1998 as illustrated in the same Figure. The intensity of the HA peaks is stronger in the glasses of the BP and BM group, the glasses of the B group show lower intensity of these crystalline peaks. This correlates to the results of the ICP-OES investigations of the TRIS buffer and the FTIR spectra of the glass powders after bioactivity treatment.
Discussion
Nine glass batches consisting of SiO 2 , P 2 O 5 , B 2 O 3 , CaO, MgO, Na 2 O as well as K 2 O were prepared based on the chemical composition of ICIE16 as illustrated above in the experimental section (Table 1 ). The first variation in chemical composition of ICIE16 consisted of partially substituting silica by boron oxide. In a second step some Na 2 O was Figure 8 : Hydroxyapatite phase precipitated on the bioactive glass was identified by the XRD diffraction. The XRD spectra are for samples that were immersed in TRIS buffer for 168 h and arranged as they appear in Table 1 .
replaced by P 2 O 5 , and in the third group CaO was partially replaced by MgO. These changes in composition were investigated with the main goal of increasing the manufacturing capabilities to improve forming of simple or complex shapes with different approaches while maintaining a good bioactivity.
As shown in Figure 1 , all the proposed glasses showed the ability to form amorphous structures after quenching. The glass transition temperature and the crystallization onset temperature as well as the processing window of the glasses varied according to their chemical composition i.e. whether the glass contained boron, magnesium, or both along with modifying the content of phosphorus. It is well known that the processing window is network connectivity dependent. The more oxygen bridges, the higher the range of the processing window.
The network connectivity is considered an indicator for the strength of the glass network. It is calculated as a ratio of bridging oxygens per glass-network unit [32, 36] . The NC in this work was calculated assuming that MgO will not be part of the silica network. It was therefore treated as a network modifier. This is reasonable for MgO content below 20 mol% [17] . Moreover, P 2 O 5 is assumed to be isolated as orthophosphate in the silica network, while B 2 O 3 is assumed to enter the silica network and form tetrahedra units of (BO 4 ). Supposing that all boron will form tetrahedra (BO 4 ) is not perfectly right, since part of it will be in threefold coordination (BO 3 ) (triangle units) as indicated in the FTIR analysis of the yield glasses. The theoretical (NC) and the calculated network connectivities were calculated according to the following equation (see Table 1 for results):
The calculated network connectivity (denoted as NC* in table 1) based on the compositions as determined by EDX showed relatively lower values than the theoretical ones (denoted as NC) based on the nominal composition of all glasses. As described above currently it is not clear how the boron is coordinated in the yield glasses. Nevertheless, the difference between the theoretical NC and the calculated NC* can be attributed to several reasons. First, the accelerating voltage in SEM used to determine the elemental content has a strong influence on the results, since boron is a very light element and is close to the detection limit of EDX; in addition to the low boron content and the boron homogeneity of the glasses. Further we were investigating powder particles of the yield glasses that were coated with carbon to improve conductivity. Surfaces of the particles are irregular and mostly not perpendicular to the electron beam. This can strongly influence the quality of the perceived EDX spectra. Besides that inhomogeneity of the yield glasses can be another reason. And finally, the high melting temperature during the glass synthesis could have led to loss of some of the alkalis or even the boron oxide during the melting phase. Considering the environment of boron in the yield glasses, FTIR analysis ( Figure 3 ) has revealed that boron formed threefold and fourfold coordination. This result contradicts the assumption that all boron would form tetrahedra and enter the silica network. Therefore, the FTIR results suggest that the NC calculations cannot always clearly indicate the glass network strength [18] . However, the work will be continued to clarify this point.
Detailed investigations of the changes in composition showed that within the first group of glasses (denoted as B) the addition of small amounts of boron led to an increase in the processing window of the glasses while keeping the glass transition temperature low. The calculated NC* of the glasses ranges between 1.8 and 2.0. Composition B1 with 1 mol% B 2 O 3 (NC* = 1.9) showed a processing window of 212 K. However, increasing the B 2 O 3 amount to 3 mol% did not lead to further increase of this window. Glass B2 (NC* = 2.0) had a processing window of 178 K and glass B3 (NC* = 1.8) had a processing window of 194 K (see Table 2 ). The reason for the broadening of the processing window ∆T in glass B1 is not quite clear yet. It is possible that boron can be incorporated in fourfold coordination (BO 4 ) and therefore increase the silica network strength. This has been found for small amounts of less than 5 mol% boron in phosphatebased glass [37, 38] and also in silicate-based glass with 3.7 mol% boron [39] .
Concerning the bioactivity, we found a correlation between the B 2 O 3 content in the B glasses and the concentration of released Ca 2+ and Na + ions from the network. The higher the B 2 O 3 content in the initial glasses the higher the content of the released ions in the supernatant (Figure 6 has no effect on the dissolubility. This result was derived from an in-vivo study [40, 41] . However, Hill [18] noted that this result can be attributed to either a variation in the chemical composition of the prepared glass or a loss of some of the borate content during the glass preparation. In our study, the chemical analysis of B3 glass suggested that the NC* of B3 is around 1.8 in comparison to the starting value of 2.1. This should imply faster dissolution, which is supported by increased Na + and Ca 2+ release from this glass. But all glasses of the B group showed very low HA / HCA formation on the surface after immersion in TRIS buffer over 168 h ( Figure 7 and Figure 8 ). It is noticeable in Figure 6c that the release of sodium ions is low in all the prepared glasses. This could possibly be attributed to the formation of a secondary phase(s) that has higher sodium content in comparison to the original glass [42] . But this assumption has not yet been investigated in these glasses. Moreover, the release of potassium is much higher than that of sodium as illustrated in Figure 6d even in the first glass group (group B), which has equal amounts of sodium and potassium. There is no clear reason for this alkali releasing behavior but it can be ascribed to the small field strength of potassium in comparison to that of sodium (0.13 and 0.17, respectively [43] ). Groh et al. reported that such alkali releasing behavior is known for ICIE16 bioactive glass [16] . Lowering the Na 2 O content and raising the P 2 O 5 content in the BP glasses, while introducing boron tetrahedra into the silica network has increased Tg and raised the ∆T of these groups in comparison to group B. This indicates that decreasing the sodium content has decreased the weakening points (non-bridging oxygen (NBO)) in the silica network. The maximum ∆T recorded in this group is 250 K for BP3 glass, while the others are 227 K and 226 K for BP1 and BP2, respectively. Considering the field strength of boron, increasing the phosphate units in these glasses has led to increased connectivity of the glass network [23] , which led to an increased processing window in this group. The content of phosphorus in the BP group (see Table 1 ) was increased from 1 to 2 mol% for all glasses in this group. Such content is too low to allow phosphorus to enter the silica network. Lepry and Nazhat reported that with increasing phosphorus content inside the glass network, it would form glass building units that connect with those of silica if its content is above 50% [44] . Increasing the phosphorous content also influenced the bioactivity of the resulting BP glasses. Relative (in relation to overall Ca 2+ content in the initial glasses) Ca 2+ release from the BP glasses was slightly lower than from the B glasses, which indicates the formation of a stronger network. The (PO 3 )
4− released content with increased immersion time dropped faster than in B glasses, which indicates faster formation of HA or HCA layers on the glasses. This is supported by the XRD and FTIR spectra.
In the third group (BM), replacing CaO by MgO did not further influence the processing window, where the highest ∆T was around 250 K for the BM2 glass. While BM1 and BM3 have 225 K and 245 K, respectively. A possible reason for the low increment in the ∆T in comparison to the BP group is the amount of MgO, which may not be enough to show a bigger effect. On the other hand magnesium is a divalent modifier, like calcium, which contributes to broadening the glass kinetic window by maintaining the silica network in comparison to the first group. Because it has higher field strength than the other modifiers (Mg 2+ : 0.44; Ca 2+ : 0.31; Na + : 0.17; K + : 0.13) and thereby increases the bond strength of the silica network [43, 45] . However, the difference between the BP group and the BM group is not significant. Again, the molar ratio of the MgO and B 2 O 3 were kept as low as possible to maintain the bioactivity in these groups. The results shown in Figure 4 and Figure 5 indicate that relatively small amounts of Mg have a low effect on the glass dissolubility. The combined changes in composition have as a result decreased the dissolubility below that of 45S5 or even ICIE16 itself. More than one study on the effect of Mg 2+ ions have revealed that magnesium leads to closing the active sites on the bioactive glass surface, which results in lower ion release and retardation of hydroxyapatite formation [46] . Although all of the prepared BM glasses have shown moderate to low dissolubility, they showed an ability to form hydroxyapatite (HA) as revealed in Figure 7 and Figure 8 . So far, the effect of chemical composition on the processing window and the bioactivity of the bioactive glass have been investigated. Next, the effect of the chemical composition on the network strength and the relation with the phase separation will be investigated. The results have revealed that increasing the number of components can have a negative effect on the network strength and the bioactivity of the bioactive glasses.
Conclusions
The goal of this study was to investigate whether small amounts of additives can modify the processing features of the ICIE16 bioactive glass. Nine chemical compositions were synthesized based on the composition of ICIE16 glass. Boron oxide as a glass-forming oxide was added with small molar ratio up to 3 mol%. Magnesium oxide as a network modifier was also added up to 3 mol%. In addition, the phosphorus content was increased while decreasing the sodium content. The prepared bioactive glasses showed relatively high processing windows and a moderate bioactivity in comparison to those of 45S5 and ICIE16.
The results have shown that small amounts of boron and magnesium oxide have improved the processing window (∆T), where the biggest one is 250 K for BP3 and BM2 bioactive glasses. Generally, nonlinear increase of the processing window in the prepared groups can be attributed to the small amount of additives or to the inhomogeneous distribution of additives inside the silica network. However, even with the small amounts of additives, the bioactivity of the prepared bioactive glasses was affected. The pH value of the TRIS buffer reached approximately 7.9 after 168 h of immersion in comparison to that of the ICIE16, which is 8.15 in TRIS buffer for the same immersion time [15] . The prepared bioactive glasses showed the ability to form HA / HCA. Moreover, the results indicate that the ∆T relates to the glass network strength apart from the type of modification itself. The future goals are to clarify the boron environment inside the glass network; in addition to investigating the thermal stability and the processing capability for the prepared bioactive glasses.
